A series of quali-and quantitative analyses were conducted to evaluate the variability of spinner dolphin whistles from the Fernando de Noronha Archipelago off Brazil. Nine variables were extracted from each whistle contour, and the whistle contours shapes were classified into the seven categories described in Driscoll ͑1995͒. The analysis showed mean beginning and ending frequencies values of 10.78 and 12.74 kHz, respectively. On average, whistle duration was relatively short, with mean values around 0.495 s ͑N = 702͒. Comparative analyses were also conducted to investigate the relationship between the obtained results and those presented in previous studies. When comparing averages, the results of the study of Oswald et al.͑2003͒ in the Tropical Eastern Pacific ͑TEP͒ presented less significant differences in relation to this study; only whistle duration differed significantly between both works. The results of multivariate classification tests also pointed TEP population as the closest related to the population studied here. The similarities between such disjunct populations might be attributed to a more recent isolation event ͑the closing of the Panama Isthmus͒ than the divergence that has driven North and South Atlantic populations apart.
I. INTRODUCTION
The spinner dolphin, Stenella longirostris ͑Gray, 1828͒, is a cosmopolitan cetacean found in tropical, subtropical, and less frequently, in warm temperate waters ͑i.e., Norris et al., 1994͒ . This wide distribution is followed by a notable geographic variation in several morphological characters ͑i.e., Akin, 1988; Douglas et al., 1992; Perrin and Dolar, 1996; Van Waerebeek et al., 1999͒ and ecological parameters ͑Bar-low, 1984; Perryman and Westlake, 1998; Perrin et al., 1999͒ . Four subspecies are currently acknowledged ͑Perrin, 1990; Perrin et al., 1991, 1999͒: Stenella longirostris longirostris, S. l. orientalis, S. l. centroamericana, and S. l. roseiventris. Spinner dolphins, as well as other species of oceanic dolphins, emit clicks and whistles of pure tones, besides a diversified repertoire of pulsed signals ͑Herman and Tavolga, 1980; Norris et al., 1994; . Whistles have been characterized in terms of their instantaneous frequency as a function of time ͑i.e., spectrograms͒, which is also referred to as a whistle contour. Some authors have studied whistles using subjective classification of their contours, and others have extracted frequency and time parameters from these contours ͑Bazúa-Durán and Au 2002͒. The function of whistles in the odontocete communication process has been extensively discussed ͑Tyack, 1998; Reiss, 1995, 2001͒ , and they seem to play an important role in the maintenance of social cohesion and in group organization ͑Norris et Janik, 2000; Janik and Slater, 1998; . However, the biological meaning of each frequency and time parameter, as well as of any contour category still needs to be understood ͑McCowan and Reiss, 1995; Bazúa-Durán and Au, 2002͒. Qualitative and quantitative variations in acoustic emissions or phonations, as suggested by Bazúa-Durán and Au, ͑2002͒ were recognized and described for S. longirostris, but all studies on this variability were developed with populations from the Pacific Ocean ͑e.g., Norris et al., 1994; Driscoll, 1995; Wang et al. 1995a; Bazúa-Durán and Au, 2002͒ . The only work on phonations with a population from the Atlantic Ocean were conducted by Steiner ͑1981͒, and aimed to compare different species, excluding any kind of intraspecific analysis. From this scenario, one could note that it is still necessary to search for any relation between all the information available in the literature, and consequently for a better understanding of the variation within and between populations. Wang et al. ͑1995a͒, Driscoll ͑1995͒ , and Bazúa-Durán and Au ͑2002͒ recorded spinner dolphins from Hawaii. However, their results showed significant statistical differences. Some possible reasons for these differences could be differences in the upper frequency limit of the recording systems, different spinner groups being recorded, and observer differences in viewing spectrograms ͑Bazúa-Durán and Au, 2002͒. Wang et al. ͑1995a͒ reported an analysis bandwidth of 0 -16 kHz, and Driscoll ͑1995͒ and Bazúa-Durán and Au ͑2002͒ reported an analysis bandwidth of 0 -24 kHz. Since whistles with fundamental frequencies extending into the ultrasonic range have been reported for spinner dolphins ͑Lam-mers et al., 2003͒, the recording and analysis bandwidth upper limit has to be high enough to provide complete representations of the vocal repertoire. It is known that descriptive parameters of the whistles, such maximum and ending frequencies, show significant differences between studies conducted with different upper bandwidth limits ͑Oswald et al., 2004͒. Lammers et al. ͑2003͒ analyzed the acoustic signaling behavior of Hawaiian spinner dolphins in a wider frequency band perspective. The recording system employed allowed them to sample sounds up to 130 kHz and to evaluate the importance of the ultrasonic portion of the sound emissions. Most energy in the fundamental frequency of the whistles was found to be below 24 kHz, as Bazúa-Durán and Au ͑2002͒ noted. Based on Lammers et al. ͑2003͒ conclusions, we can speculate that the major part of the whistles' fundamental frequencies produced by this species is then taken into account here, since the recording limit used in this study is 24 kHz.
It is also known that spinner dolphin whistles can vary geographically ͑Bazúa- Durán and Au, 2001; Bazúa-Durán et al., 2003; Bazúa-Durán and Au, 2004͒ , as it was already observed for bottlenose dolphins, Tursiops truncatus ͑Wang et al., 1995b; Jones and Sayigh, 2002͒ , and for the estuarine dolphin, Sotalia guianensis ͑Azevedo and Van Sluys, 2005͒. Nevertheless, the factors influencing this observed geographic variation are still unclear, once the pattern found for spinner dolphins does not follow exactly those observed for the other two species. Studying bottlenose dolphins, Wang et al. ͑1995b͒ noted that differences in whistle structure were greater between far separated than closer areas. They claimed that, presumably, dolphins in nonadjacent areas have developed unique acoustic characteristics due to geographic isolation. Similarly, Azevedo and Van Sluys ͑2005͒, when studying Sotalia guianensis, found that the magnitude of the whistles characteristics variation was comparatively smaller between adjacent sites areas than between nonadjacent ones, although in some pairwise comparisons the result was the opposite.
When comparing spinner dolphins whistles from the Hawaiian Islands ͑Midway Atoll, Kaua'i, O'ahu, Lãna'i, Maui, and Hawai'i͒ and from Mo'orea, French Polynesia, Bazúa-Durán and Au ͑2002͒ found that the macrogeographic variation ͑between Midway and Mo'orea, and the main Hawaiian Islands͒ was larger than microgeographic variation ͑between the main Hawaiian Islands͒. The authors also found that the variation within each main Hawaiian Island was larger than the variation between them, suggesting the existence of a whistle-specific subgroup ͑Bazúa-Durán and Au, 2001; Bazúa-Durán and Au, 2004͒. On the other hand, when the spinner dolphin whistles from the Hawaiian Islands and Mo'orea were compared to the whistles produced by the Tropical Eastern Pacific ͑TEP͒ spinner dolphins, greater differences were found between Midway and TEP and Mo'orea groups. O'ahu groups were very similar to TEP and Mo'orea groups, suggesting that there are no differences between oceanic and coastal spinner dolphin whistles. Bazúa-Durán and Au ͑2002͒ claimed that the distinctiveness of Midway whistles could be due to the stability of the spinner dolphins in that area, and that the geographic differences found may not occur solely due to geographic isolation, and that other factors, such as fluidity of the spinner dolphin groups may be also affecting this variation ͑Bazúa- Durán et al., 2003͒. In order to evaluate the variability of spinner dolphin whistles from the Fernando de Noronha Archipelago off Brazil ͑considered as S. longirostris longirostris͒, we conducted a series of quali-and quantitative analyses, which are presented here. No other study on this topic has been done in the Southwestern Atlantic Ocean. Moreover, we used available literature data and some statistical tools to investigate the relationship between our results and those obtained in previous studies, looking for any pattern of geographic variation.
II. METHODOLOGY
Recordings were made in a bay named "Baía dos Golfinhos," located at the Archipelago of Fernando de Noronha ͑3°51'S and 32°25'W͒, Brazil ͑Fig. 1͒. The "Baía dos Golfinhos" is an intangible inlet inside the National Marine Park of Fernando de Noronha, where regular access of people and boats is prohibited. This bay carries its name because it is visited daily by spinner dolphins, providing an invaluable site for performing acoustic recordings.
The sound samples were collected on free diving sessions in the "Baía dos Golfinhos" from 4 October to 27 December 2002. Underwater behavioral and acoustic data were recorded using a system composed by a SONY ® PD150 digital camcorder housed in an AMPHIBICO ® VHPD0150 underwater case equipped with dual external hydrophones. All the recordings were made using a sampling rate of 48 kHz, i.e., the frequency upper limit was 24 kHz.
The recordings were imported to an Apple ® Macintosh computer using the software IMOVIE 4.0.1. ͑Apple Computer, Inc.͒. This application breaks the simultaneous audio and video data into clips accordingly to the data code registered in the digital tape, resulting in a different clip per take. This is very important because each take may correspond to a different context or situation. The audio was then extracted from the video files using the software FINALCUT PRO 3.0 ͑Apple Computer, Inc.͒, and stored as AIFF format files. CANARY ® V.1.2.4 analysis software ͑Bioacoustics Research Program, Cornell Lab of Ornithology͒ was used to generate the spectrograms, with a FFT size of 1024 points, an overlap of 50%, a frame length of 512 points, and using a smooth Hamming window. We only used whistles for which all parameters of the spectral contour were distinctly measured and that were not cut off by the upper limit of the recording system ͑Bazúa-Durán and Au, 2002; Azevedo and Van Sluys, 2005͒. From each whistle contour, we extracted nine variables: ͑1͒ Beginning frequency ͑BF͒, ͑2͒ ending frequency ͑EF͒, ͑3͒ maximum frequency ͑MAF͒, ͑4͒ minimum frequency ͑MIF͒, ͑5͒ duration ͑DUR͒, ͑6͒ number of inflection points ͑defined as a change from positive to negative or negative to positive slope͒ ͑NI͒, ͑7͒ number of breaks ͑defined as an abrupt variation in frequency in a specific point in time͒ ͑NBR͒, ͑8͒ number of loops ͑a loop was defined as a region where the whistle assumed a parabolic-like shape͒ ͑NLO͒, ͑9͒ number of harmonics below the upper frequency limit of the recording system ͑NHA͒. These variables were chosen because they can be easily measured from a spectrogram and most of them were chosen to be consistent with the majority of the previous studies with the species, being useful for comparisons.
We also classified the whistle contour into the seven categories described in Driscoll ͑1995͒ and Bazúa-Durán and Au ͑2002͒, which were used during the comparison process with previous studies: ͑1͒ Upsweep, ͑2͒ downsweep, ͑3͒ concave, ͑4͒ convex, ͑5͒ constant, ͑6͒ sine, and ͑7͒ chirps.
In an exploratory phase, a principal component analysis ͑PCA͒ was used as an effort to find variables unimportant to explain data variability so that they could be excluded from the analyses. Preliminary results showed that the two first components of this analysis explained only 66% of the variability, and only in the sixth component 90% of the variability was achieved and all variables were already included in the previous components. This implies that any of the variables chosen could not be excluded from the analysis.
Following this step, still as an exploratory analysis, a cluster analysis named CLARA ͑Clustering Large Applications͒ ͑Kaufman and Rousseeuw, 2005͒ was performed to determine the existence of any grouping pattern of data according to their similarities. The groups formed were then tested with the Silhouette width test ͑Kaufman and Rousseeuw, 2005͒, which measures the average dissimilarity between point i and all other points of the cluster, which i belongs to. The CLARA analysis revealed that the whole sample of spinner dolphin whistles could be clumped together into four or five groups, and the Silhouette width test resulted in a score of 0.23 and 0.22, respectively. None of these results can be considered as a good grouping ͑Kaufman and Rousseeuw, 2005͒, and does not seem to have any biological meaning, therefore, not discussed in the present study. To compare the mean values obtained for the frequency and time parameters with the results presented in previous studies, we applied a series of univariate and multivariate tests, using the Program "R" ͑R Development Core Team, 2004͒. First, we used Levene's F test to evaluate the homogeneity of variances. Later, we used the t test for homogeneous variances and Welch's t test for nonhomogeneous variances so as to compare the means ͑the mean of each variable observed in this study and the correspondent mean found in other studies, as described in the literature͒.
We also used a classification method through a multivariate statistic test in order to identify which of the results presented in earlier studies would be closer to the results found here. We considered, as a classification criterion, the minimum distance between each value observed in this study and the mean for each of the variables obtained for each other study included in the comparison, weighted for the inverse of the covariance matrix. The distance was defined as
Where the Dj is the minimum distance, y represents each value for the variable j found in this study and ȳ j is the mean value presented in the earlier studies for the variable j. This method is complementary to the T Test in comparison between different populations, and allowed us not only to compare means but also to better visualize which population is closest to the Fernando de Noronha population.
Finally, in order to investigate differences in the categorization of whistles between the present study, and in the Driscoll ͑1995͒ and Bazúa-Durán and Au ͑2002͒ studies, we used the Pearson's X-squared statistic.
III. RESULTS AND DISCUSSION

A. Frequency and time parameters
A summary of the descriptive statistics ͑mean, minimum, maximum, standard deviation, and variation coefficients͒ of all frequency and time parameters for the 702 whistles included in the analysis is shown in Table I . Our analysis showed that the mean BF was lower than the mean We also conducted an analysis of the degree of association between all variables by using a Correlation Matrix, which is shown in Table II . A significant association was observed between all variables, excluding BF and DUR, which were shown to be independent. The greatest correlation values were observed between BF and MIF ͑r = 0.720, P = 0.01͒, and EF and MAF ͑r = 0.737, P = 0.01͒. Both were positively correlated, indicating that when one of these variables increases its value, the other does the same. We also observed a small negative correlation between MIF and DUR ͑r = −0,142, P = 0.01͒, indicating that when the minimum frequency increases, the duration of the whistle decreases. The parameters of whistle frequency and time had the lowest variation coefficient of all analyzed variables ͑Table I͒, and they were, therefore, treated separately. Furthermore, these variables are present in all previous studies conducted with spinner dolphin whistles, which allown us to perform a series of comparisons, as shown below. From the parameters of frequency and time, those associated with frequency had lower variation coefficients when compared to the duration, indicating that the time parameter is more variable, as it has already been observed for Sotalia guianensis ͑Azevedo and Van Sluys, 2005͒. For S. longirostris, Steiner ͑1981͒, Wang et al. ͑1995a͒, and Oswald et al. ͑2003͒ also found a lower value of variation coefficients for frequency parameters, with the exception to the frequency range, which exceed the duration's one in the third study.
As a first effort of inserting our results in the literature context, we conducted a t Test, and the results are shown in Table III . The study of Oswald et al. ͑2003͒ presented less significant differences in relation to ours; with only whistle duration differing significantly between both works.
Later, in order to find which of the earlier studies on populations of spinner dolphins would have the closest results to those obtained in Fernando de Noronha, we conducted a classification test ͑according to the criteria of minimum distance described above͒. It is important to take into account that, as we did not have the variance and covariance matrices observed in the earlier studies, we performed the classification test assuming three possibilities of different matrices: ͑1͒ All variables being independent ͑i.e., the corre- lation is zero͒, ͑2͒ variance and covariance matrices being equal to those observed in this study, ͑3͒ combining the variances presented in each study together with our correlation. The result of this classification can be observed in Table IV .
As in the univariate analysis, we had a concentration of minor distances in the study of Oswald et al. ͑2003͒ in two situations: When we considered the variable set independent and when we used the true variances, presented in each study, together with our correlations. However, when we assumed the matrix exactly equal to the one presented in our study, the concentration of minor distances moved to Steiner, 1981 ͑Table IV͒.
There are many problems when comparing different efforts. At first, the methods and equipment used to record the sound samples were sometimes distinct. In this study, we recorded the animals during free diving. Although this apparently does not disturb the animals, changing their natural behavior can interfere in their communication process. The earlier studies recorded in the presence of a boat, which can also cause alterations. Moreover, recording equipments were not equal, and varied in the upper frequency limit of the recording system. In the majority of studies, the upper frequency limit of the recording system was greater than 22 kHz ͑with sample rates of 44.1 or 48 kHz͒, with the exception to the Wang et al. ͑1995a͒ study, who used a system with an upper frequency limit of around 16 kHz. Differences in the whistle selection and in the sample size could also conduct to different results.
Additionally, we have to consider that animals engaged in different activities during the recording sessions, as well as being present in different group sizes, can have a significant influence in the sound emission of the group envelope ͑for example, Norris et al., 1994; Herzing, 2000͒ . Bazúa-Durán and Au ͑2002͒, for example, compared their study with Wang et al. ͑1995a͒ and Driscoll ͑1995͒, which were all made in the same place ͑"Island of Hawaii"͒, and found significant differences between them when comparing duration and the same frequency variables analyzed in this study. Nevertheless, in their study of geographic variation of spinner dolphin whistles among the Hawai'ian Islands, Bazúa-Durán and Au ͑2004͒ did not find any significant differences in whistles emmitted by dolphins with behavioral state and pod size.
In spite of all these difficulties what we intended to do here, in addition to presenting insights to the whistle repertoire of spinner dolphins from the Fernando de Noronha Archipelago ͑which has never been acoustically studied before͒, was to test if there was some closeness between this population and other ones studied earlier as an attempt to clarify any geographic variation pattern. We judged the results acquired here as very interesting, pondering that our population would supposedly be closer to the Tropical Eastern Pacific population, studied by Oswald et al. ͑2003͒ . When comparing means, the spinner dolphins from the Fernando de Noronha differ significantly from the TEP only on the duration of the whistles ͑considering that the variation coefficient of this variable were higher than the frequency ones in both studies͒. If this is true, the difference in duration could be associated with the recording of different individuals, engaged in different activities, as explained by Bazúa-Durán and Au ͑2004͒ for Hawaiian spinner dolphins, and suggested by Whitten and Thomas ͑2001͒ for Lagenorhynchus obliquidens, and by Janik et al. ͑1994͒, and Wang et al. ͑1995b͒ for Tursiops truncatus. Otherwise, the similarities between populations so disjunct could possibly be attributed to biogeographic reasons, reflecting that these two populations were more recently isolated than the North and South Atlantic populations, being in contact before the formation to the Panama Isthmus. Other studies have made an approach to this question, although using coastal teleost fishes, such as those of Tringali et al. ͑1999͒, Craig et al. ͑2004͒, and Craig et al. ͑2006͒ . In the case of spinner dolphins, such a question is beginning to be addressed ͑Farro et al., 2005͒. Heeding to the results of the classification test, we could consider two different types of results. If we suppose that our population should be more similar to the population from North Atlantic, studied by Steiner ͑1981͒, when choosing a variance-covariance matrix exactly equal to that obtained in this study, the results would be associated to some degree of information exchange through intermediate groups, as were already observed by Bazúa-Durán and Au ͑2002͒ for Hawaiian spinner dolphins, by Wang et al. ͑1995b͒ for Tursiops truncatus, and by Azevedo and Van Sluys ͑2005͒ for Sotalia guianensis; and the differences between the Fernando de Noronha population and the Pacific Ocean population could be due to geographic isolation. However, we believe that the third option of variance-covariance matrix is the closest to the real one, where the correlation values that compose the matrix are the ones provided by other studies. Using this matrix, the concentration of minimum distances in the study of Oswald et al. ͑2003͒ correspond to most of the observations, which confirm the result obtained in the univariate TABLE IV. Classification of the observations according to the distance ͑the numbers mean the amount of whistles that had the minimum distance value from each variable observed in this study and the correspondent mean value of each study͒.
Matrix of Variance-Covariance Wang et al. 1995a Bazúa-Durán and Au 2002 Oswald et al. 2003 Steiner 1981 Driscoll 1995 analysis and reinforce the idea of proximity between these two populations.
B. Whistle contour
Taking the contour variables of the whistles into consideration, we noticed that all of them ͑number of breaks, number of inflection points, number of loops, and number of harmonics͒ have a higher variation coefficient than the frequency and time parameters, as it is shown in Table I Regarding the classification in categories and according to the contour shape of the whistles in the spectrograms, 7% of the whistles could not be ascribed to any of the categories created by Driscoll ͑1995͒ and Bazúa-Durán and Au ͑2002͒, because they looked like a gradation between two other categories. These whistles were thus set in a category named "Other," as is shown in Fig. 2 . This new category is very heterogeneous in the whistle contours that were classified here, and must be reevaluated in the near future. With the aim of comparing the whistles categories distribution found here with the distributions presented by Driscoll ͑1995͒ and Bazúa-Durán and Au ͑2002͒, we excluded all the assemblage of whistles ascribed to this new category, as it is shown in Fig. 3 .
The distribution of the whistles grouped into categories is different between the present study and each of the previous ones ͑Driscoll, 1995; Bazúa-Durán and Au ͑2002͒͒, at least in the percentage of two categories, as it is shown by the results of the Pearson's X-squared statistic test in Table  V . However, the two categories of whistles more frequently recorded, "Chirps" and "Upsweep" were not significantly different between our study and the one of Bazúa-Durán and Au ͑2002͒. The "Constant" category, which was very rare, is not significantly different between the three studies. Further, the whistle category "Sine" is very abundant in the studies of Driscoll ͑1995͒ and Bazúa-Durán and Au ͑2002͒, while it was not in the present study. We believe that this situation occurred because we set a great number of whistles that could have been called by these authors as "Sine," in the "Other" category, due to the great variability of this kind of whistle shape.
Although other authors have shown that whistles have a graded nature and that categorization have not been, therefore, a precise way to represent a repertoire of a given species or population of dolphins, we used it as an additional available resource of comparison between different populations, as it was suggested by Bazúa-Durán and Au ͑2002͒. The results are interesting due to the similarity in the general distribution of the whistles in all categories, especially between our study and that of Bazúa-Durán and Au ͑2002͒, from which we differed only in two categories, "Sine" and "Concave" ͑see Fig. 3 and Table V͒. The comprehension of the significance of these similarities is still difficult due to the lack of biological meaning of this categorization.
We firmly believe that more accurate studies comparing different populations and using more controlled sources of bias should be conducted and are fundamental to achieve this knowledge. Studies focusing in the correlation of sound production and the individual dolphin associated with, should also be conducted, taking into account characteristics such as sex, age class, and behavior.
IV. CONCLUSIONS
Acoustic characteristics of the whistles emitted by dolphins have been described and quantified in a number of studies, and have shown to be useful during comparisons between groups and populations, as during categorization of different species ͑for instance, see Steiner, 1981; Wang et al., 1995a and 1995b; Au, 2002, 2004; Oswald et al. 2004͒ . In this context, the description presented here, as well as the comparisons conducted with the results available in the literature for other populations, contributes to this huge effort of knowing how populations are organized geographically, and which characteristics of whistles are important to differentiate populations and/or species. Increasing the effort on bioacoustical studies for other known populations of spinner dolphins would allow us to better recognize the existence of any pattern of geographic variation and its correlation to biological features, and these in turn could help to ascribe, in a better resolution, the taxonomic status of each population and subspecies. 
